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Topics of this lecture

o Why precision mass spectrometry ?

o How are masses measured ?

o Uses basics from this mornings lecture “Precision trap” by S. Ulmer

o Which precision can be achieved ?

o What are the current limitations ?

o What are the applications ?

o Fundamental physics with precision mass spectrometry !
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Why precision mass spectrometry ?

δm/m

General physics & chemistry  10-5

Nuclear structure physics
- separation of isobars

 10-6

Astrophysics

- separation of isomers

 10-7

Weak interaction studies  10-8

Metrology - fundamental constants
Neutrino physics

 10-9

CPT tests  10-10

QED in highly-charged ions
- separation of atomic states

 10-11

= N ·

– binding energy

+ Z · + Z ·= N ·

– binding energy

+ Z · + Z ·
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= N ·

– binding energy

+ Z · + Z ·

~GeV ~GeV ~MeV ~eV-keV~MeV

Applications of  precision masses

MAtom = N•mneutron + Z•mproton + Z•melectron - (Bnucleus+ Batom)/c2
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A brief  history of  mass spectrometry
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A brief  history of  mass spectrometry
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A brief  history of  mass spectrometry
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The double-pan principle

Mass measurements are always comparisons with known reference masses,

preferrably 12C or carbon clusters

?

𝝎𝒄,𝟏 =
𝒒𝟏
𝒎𝟏

𝑩 𝝎𝒄,𝒓𝒆𝒇 =
𝒒𝒓𝒆𝒇

𝒎𝒓𝒆𝒇
𝑩

𝒎𝟏 = 𝒎𝟐

𝝎𝒄,𝟐

𝝎𝒄,𝟏

𝒒𝟏
𝒒𝟐
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Detection techniques

0

7 T

Destructive

time-of-Flight

detection

0

7 T
Destructive

phase-imaging

detection

S. Eliseev et al., Phys. Rev. Lett. 110, 082501 (2013)

R  1/Tobs
m/m ≈ 10-9

R  1/Tobs ∙ Df/2p
m/m ≈ 10-10

# detected ions
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induced image

current detection

4.2 K

S. Sturm et al., Phys. Rev. Lett. 107, 143003 (2011)

m/m ≈ 10-11 hot ion

S
ig

n
a

l 
 a

m
p

li
tu

d
e

Frequency 

Ion in thermal equilibrium 
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Energy

Energy

The nucleosynthesis paths

Nuclear masses (binding energies) 

determine the paths of the processes.

X-ray bursts

supernovae and

n-star merger



The liquid drop model
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A = N + Z, neutron number N, proton number Z and elementary charge e

Nuclear Radius:  R ≈ r0A
1/3

Symmetry: I2 = (N – Z)2/A2

Volume Surface Coulomb Symmetry               Parity



Comparison Bnucl: Theory-experiment

Nuclear structure effects like shell closures become visible.

1949: The shell model and magic numbers (Göppert-Mayer + Jensen).

Nuclear structure effects like shell closures become visible.



Energy

Energy

The nucleosynthesis paths

Nuclear masses (binding energies) 

determine the paths of the processes.
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Test of  nuclear mass models
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The predictive power of  mass models

Parameters express our ignorance.

The role of parameters



Proton-induced reactions (ISOLDE, ISAC)

protons

p
n

+ Spallation

+ + Fragmentation

+ + Fission

201Fr

11Li X

143Cs Y

238U

1 GeV



Control room

HV-Platform

RILIS laser hut

Robots

Radioactive laboratory

1.4 GeV protons

from PS-Booster

HRS-Target

GPS-Target

COLLAPS

ISOLTRAP

http://isolde.web.cern.ch/isolde

E. Kugler, Hyp. Int. 129, 23-42 (2000).

The ISOLDE facility at CERN



Masses for nuclear astrophysics

m/m ~ 10-8 (< 1 keV) 

R. Wolf et al., Phys. Rev. Lett., 110, 041101 (2013)

(T1/2 ~ 200ms) 

80 ions in 35 minutes!
δm/m = 4•10-8

R. Wolf et al., Phys. Rev. Lett., 110, 041101 (2013)

Composition of the outer crust of a neutron star



The nucleosynthesis paths



Nuclides at the rp-process path

C. Weber et al., Phys. Rev. C 78, 054310 (2008)

V.-V. Elomaa et al., Phys. Rev. Lett. 102, 252501 (2011)

E. Haettner et al., Phys. Rev. Lett. 106, 122501 (2011)

F. Herfurth et al., Eur. Phys. J. A, in print (2011)

CSRe

np – process 

JYFLTRAP (IGISOL)



What can we do with 

stable ions ?
How do we take advantage of the long lifetime ?

Which techniques are available ?

Which accuracies are required ?



Frequency measurements with stable ions
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Advantage: Preparation time is of no concern
Cooling the ion to cryogenic temperatures gives

 Better control of ion‘s initial state

 Better signal/noise ratio

 Lower systematic shifts

Challenge: Required precision: δm/m<10-10 

Advanced detection technique: 

Image current measurement

Fourier limit δω/ω ~ 1/T ! : for 1MHz: T>1000s ! 



FT-ICR: Fourier transformed Ion Cyclotron Resonance
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very small

signal ~fA

ion signal

Amplitu

de

mass/frequency 

spectrum

„FT-ICR“ 

Fourier-Transform-

Ion Cyclotron 

Resonance
Extremely low signal: Femto-Ampère, STILL: single ion sensitivity !

Amplitude and phase information  Coherent detection possible !

 Prepare and analyze (non-destructively) a single ion

Remaining limiting factor:

Fluctuation of the magnetic field
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Problem: 

Swapping between measured ion and 

reference takes time (30min!)

Magnetic field fluctuation



Magnetic field fluctuation
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Problem: 

Swapping between measured ion and 

reference takes time (30min!)
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Simultaneous measurements

Measuring both ion frequencies simultaneously in the same 

(or equally fluctuating) magnetic field 

2 ions in the same trap

“MIT technique”

2 traps in the same field

“MPIK technique“ 

Trapped ions in a coupled motion

Same magnetic field

 Simple setup

o Correct for systematic effects 

(Coulomb interaction)

o Only possible with very similar

mass ions

Ions completely sperarated

Systematic errrors very small

Possible with highly charged ions

o Different magnetic field

o Complicated setup
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Coupled orbits

What‘s this jump ??
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E ≈ mc2 ? A direct test

Now available: 

mass ratio measurements with 10-11

Equivalent @ M=28u (Si): 

δE=270 meV !

Mass accuracy on atomic physics energy scale

γ

Ar(
NX)     + Ar(n)        = Ar(

N+1X)  + fc

hN A

2

310

32S 33Sn
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Now available: 

mass ratio measurements with 10-11

Equivalent @ M=28u (Si): 

δE=270 meV !

Mass accuracy on atomic physics energy scale

Ar(
NX)     + Ar(n)    - Ar(

N+1X)          =
fc

hN A

2

310

γ

32S 33Sn

E ≈ mc2 ? A direct test
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Now available: 

mass ratio measurements with 10-11

Equivalent @ M=28u (Si): 

δE=270 meV !

mc2

Mass accuracy on atomic physics energy scale

32S

γd

γ

( Ar(
NX)     + Ar(d)    - Ar(p)  - Ar(

N+1X) ) c2 = )(103 d

A ffhN  

E=

33Sd p

E ≈ mc2 ? A direct test
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E ≈ mc2 ? A direct test

ILL-MIT-NIST

Direct test of SRT to 
0.00004% !



The proton’s mass
A specifically tailored trap design

Simultaneous measurement

cancels magnetic field

fluctuations



A 3-fold improved proton mass

F. Heiße et al., Phys. Rev. Lett. 119, 033001 (2017)

3.3σ discrepancy



Mass measurements on highly charged ions

Aim: Mass measurenents with precision beyond 10-11

with highly charged ions from Super-EBIT



Aim: Mass measurenents with precision beyond 10-11

with highly charged ions from Super-EBIT

For Uranium: eV2.0m10:u238m 12  

Mass measurements on highly charged ions



Aim: Mass measurenents with precision beyond 10-11

with highly charged ions from Super-EBIT

For Uranium: eV2.0m10:u238m 12  

Compare with electron binding energy: keV131bE

Weighing chemical binding energy !

1s Lamb shift: eV460DE

Mass measurements on highly charged ions



We have addressed the following topics:

Thank you for your attention !

o Why precision mass spectrometry

o How are masses measured ?

o What precision can be achieved ?

o What are the applications ?

o How can we use MS to probe

fundamental physics ?
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